Siloxane-poly(methyl methacrylate) (PMMA) organic-inorganic hybrid coatings were deposited on galvanized steel by the dip-coating sol-gel technique. Anticorrosion properties, as well as the morphological, surface and structural features were studied. Hybrid coatings were synthesized from tetraethoxy-silane (TEOS) and methyl methacrylate (MMA) as inorganic and organic phases, respectively, linked by 3-metacriloxypropyl-trimethoxysilane (TMSM) as a coupling agent. The MMA/TMSM ratio was kept constant, whereas the four TEOS/TMSM ratios were varied. The characterization of coatings was assessed using several techniques such as Scanning Electronic Microscopy (SEM), Contact Angle, Fourier Transform Infrared (FT-IR), Open Circuit Polarization (OCP), Atomic Force Microscopy (AFM) and Electrochemical Impedance Spectroscopy measurements (EIS). The EIS results, which were obtained for the hybrid coatings, were discussed based on an electrical equivalent circuit used to adjust the experimental data. The results showed that the increasing the TEOS content caused increase in coating thickness, increased in the surface roughness and increased in the surface hydrophobicity. The film with the highest TEOS content presented the best electrochemical performance, more effective in protecting against corrosion.
Introduction
Hot-dip galvanizing technique has been in practice for over a century as it can protect steel products from atmospheric corrosion in an effective and economic way 1 . Moreover, the excellent anti-corrosive behavior of chromate films is well known. They have been used for many years to reduce the reactivity of zinc surfaces on galvanized steel. However, with the growing quest for environmental awareness, many studies are focused on the replacement of waste-producing and carcinogenic treatments, especially the process of phosphating and chromatization based on hexavalent chromium 2 . In the last two decades, the potential of organofunctional silane coatings for the replacement of chrome conversion treatments has been the topic of a huge number of studies [3] [4] [5] .
Silanes have been studied as coupling agents between inorganic and organic materials since the first works of Pluddemann 6 . Silanes are hybrid compounds which combine organic functional groups and an inorganic silicon base. Its general formula is R'(CH 2 ) n Si(OR) 3 where R' is an organofunctional group and R is a hydrolyzable alkoxy group. When in contact with water, the silanes are hydrolyzed to form silanol groups (SiOH) which allow the surface to connect to the metal hydrate (Metal-OH) via the formation of Si-O-metal. The silanol groups undergo a self-crosslinking process through siloxane bonds (Si-O-Si). As a result, the organic coating layer is chemically bonded to the metal substrate 7 . In regards to the corrosion science, a lot of effort has been made to apply these materials as adhesion promoters between metallic substrates and organic coatings used for protection against the corrosion phenomena 8, 9 . The chemistry of silanes and the mechanism of interaction of these molecules with a metallic substrate and an organic coating has been widely explained. Silane films not only ensure the adhesion between metal substrates and organic coatings, but they also provide a thin, but efficient, barrier against the diffusion of oxygen to the metal interface 8 . However, the silanes films described above do not offer the same satisfactory corrosion resistance as the traditional chromate film. Thus, in order to make these silane coatings more effective as a protection barrier to be used in zinc substrates, new types of materials have been developed. Blends of polymers 8, 9 and organic-inorganic hybrid materials 10 are among the main types of studied materials. Organic-inorganic hybrids coatings have applications in many fields of materials chemistry because they are simple to process, and they can be used to obtain coatings to improve the corrosion resistance of some metallic substrates [8] [9] [10] [11] . The tetraethoxysilane (TEOS) is a commonly silane used to form films that protect the metal of the corrosive attack. According to several authors 10, [12] [13] [14] [15] [16] [17] the TEOS based hybrids film forms an homogeneous, compact and resistant physical barrier. These hybrid films protect and assure the integrity of metal substrates in corrosive media.
Effect of Tetraethoxy-silane (TEOS) Amounts on the Corrosion Prevention Properties of Siloxane-PMMA Hybrid Coatings on Galvanized Steel Substrates
The corrosion resistance provided by the coating applied on a metallic substrate depends on its barrier and adherence properties. Therefore, one possible way to enhance the corrosion protection promoted by the hybrid coating is by improving its degree of polymerization and its cross-linking nodes density 8 . Thus, the published results show that the use of the silane precursor 3-(trimethoxysilyl propyl) methacrylate (TMSPMA) -also known as 3-metacriloxy-propyl-trimethoxysilane (TMSM), on the composition of the hybrid coatings promotes a good linking between the organic and inorganic phases, preventing the separation of phases. Furthermore, the possibility to obtain thicker coatings, free of cracks, is due to the stability of poly (methyl methacrylate), PMMA, and due to the ease of polymerization of methacrylate groups (MMA), by UV radiation, or by thermal treatments which help to increase the refractive index 18, 19 . Among the current deposition technologies used for the application of these coatings, the dip-coating process has stood among the others due to its various advantages 1, 18 . In this context, the present work consists in studying galvanized steel coated with a siloxane-PMMA organic-inorganic hybrid film using the dip-coating process. These coatings were produced from the precursors tetraethoxy-silane (TEOS) and TMSM, modified with a metacrilate group (MMA), as coupling agent. The MMA/TMSM ratio was kept constant, whereas the four TEOS/TMSM ratios were varied. Anticorrosion properties of organic-inorganic hybrid coatings were investigated using classical electrochemical techniques, after different periods of immersion in a 0.05 mol.L -1 NaCl solution. Morphological characterization and coating thickness measurements were performed by scanning electron microscopy (SEM) and atomic force microscopy (AFM). Moreover, the coatings were evaluated concerning the wettability (contact angle determination) and the Fourier transform infrared (FTIR) spectra for all the hybrid films.
Experimental Procedures
All chemicals which were used were commercially available. The Tetraethoxy-silane (TEOS -(Aldrich), 3-Methacryloxypropyl-trimethoxysilane (TMSM, Fluka), Ethanol (Mallinckrodt) were used as received. The Methyl methacrylate, (MMA, Fluka) was distilled to remove the polymerization inhibitor (hydroquinone) and stored in a freezer prior to use. The Benzoyl peroxide, BPO (Reagen), was re-crystallized from ethyl alcohol.
The hybrid coatings from the sol-gel reactions were performed as follows: TEOS, TMSM, acidified water (HNO 3 at pH = 1) and ethanol were mixed and stirred together for 1 hour at 60 °C. In a separate recipient, MMA and BPO were mixed and stirred, at room temperature, until the complete homogenization of BPO was achieved. The contents of the two recipients were then mixed and stirred for 5 minutes, forming a transparent hybrid sol. The hybrid sol used in the coatings was prepared using the following molar ratios: (TEOS:MPTS):MMA = 1:6; H2O: (TEOS:MPTS) = 3.5:1; ethanol:H2O = 1:2; BPO:MMA = 1:100. In order to determine the effect of the inorganic phase on the structural features and on the corrosion protection of hybrid coatings, the samples were prepared using four different TEOS and TMSM ratios, designated T0, T1, T2 and T3, whereas the TEOS:TMSM ratio of each sample was 1, 2, 3 and 4 respectively.
The hybrid sols were deposited by dip coating onto plates of galvanized steel (4 × 2 cm), composed as follows: (wt max. %) of 0.15 (C), 0.6 (Mn), 0.04 (S), 0.04 (P) with the balance consisting of Zn. In order to clean the surface for deposition, the galvanized steel samples were rinsed with ethyl alcohol and dried under a hot air stream. They were then degreased with neutral detergent at 70 °C by immersion for 10 minutes, then rinsed further with deionized water and ethyl alcohol and finally dried under a hot air stream. After, the samples were dipped in the sol, withdrawn at a rate of 14 cm.min
, and air-dried for approximately 10 minutes. This procedure was performed three times, after which the coated substrates were heated at 60 °C for 24 hours and cured at 160 °C for 3 h. This procedure favors the breakdown of the BPO and the production of free radicals, leading to copolymerization of the MMA, for PMMA, and of the MPTS methacrylic groups and to the densification of the gel network. Figure 1 shows a flowchart of the formulation and implementation of the hybrid film.
The morphology, topography and wettability of the coated surfaces were monitored, respectively, by SEM, AFM and Contact Angle. The SEM micrographs were acquired in a JEOL 6060 with an acceleration voltage of 20 keV. Samples were analyzed from a top view for the superficial morphology identification as well by cross section to determine the thickness of the silane layer. AFM images were obtained using a SHIMADZU SPM 9600 J3® device and acquired obtained in the dynamic mode, with a roughness of less than 5 μm, with 30 μm sweep aside.
The Contact Angle measurements were performed by the sessile drop method in equipment developed by the Laboratory of Optic and Laser of Physics Institute (IF) of UFRGS. The images were analyzed by software which has also been developed by the IF. Water was used as the fluid in this research. It is known that silane films have hydrophobic character when sufficiently cross-linked (cross-linking). Thus, the contact angle of a good cross-linked film is approximately 90 degrees of order. However, this value becomes smaller after immersion in an aqueous solution, indicating that the Si-O-Si groups are not stable. Then, due to the fact that these links are not stable Si-O-Si groups can undergo hydrolysis reactions, forming once again hydrophilic Si-OH groups in a way that water and ions can penetrate and react with the interface 20 . Consequently, the silane films temporarily protect the metal, and the film is even more hydrophobic because the barrier and adhesion properties can vary with the time of air or aqueous exposure due to the susceptibility of the Si-O-Si bonds to undergo reactions hydrolysis 21 .
Since thin coatings cannot be directly used with the Fourier Transform Infrared (FT-IR), the films were prepared in petri dishes, at the same conditions of heating and curing, and then triturated. The spectra of the obtained powders were recorded on a Spectrometer using KBr pellets containing 1 mg of sample. The FT-IR spectra were measured on a Perkin Elmer 1600 series FTIR spectrophotometer.
The corrosion performance of the coatings was evaluated by open circuit potential (OCP) monitoring, potentiodynamic polarization, and electrochemical impedance spectroscopy (EIS) measurements (Bode diagrams) in a 0.05 mol.L -1 NaCl solution, with pH 5.5. This concentration is sufficiently high to activate the corrosion for relatively short exposure times, but low enough to enable the discernment of the effect of the different acids. Kozhukharov et al.
22 also used 0.05 mol.L -1 NaCl as a low enough concentration to allow the observation of inhibitors effects. The tests were performed in triplicate.
A potentiostat/galvanostat Omnimetra MOD. PG-05 and a three-electrode cell were used to perform the analysis, with a platinum wire as a counter-electrode and a saturated calomel electrode (SCE) as the reference electrode ( Figure 2) . The area of the working electrode was 0.626 cm². The polarization curves were collected at a scan rate of 1 mVs -1 in a potential interval between 200 mV (below OCP) and 1000 mV (above OCP). For the EIS measurements the systems were monitored for 96 hours. The amplitude of the EIS perturbation signal was 10 mV. The applied frequency range was from 100 kHz to 10 mHz using a Solartron 1255 and a potentiostat PAR273 frequency response analyzer. For the quantitative analysis, the results for the systems that presented the best anticorrosion performance were fitted using electrical equivalent circuits (EEC) with the Z-View ® program. The consistency of the experimental data was verified with the Kramers-Kronig transform, and those that did not match the pattem were removed.
The tribologic wear assays were performed with a tribometer, computer-controlled, with the ball-on-plate configuration ( Figure 3 ). The wear test was conducted with a reciprocal linear movement whit aluminum sphere with a diameter 7.75 mm. A constant force of 1.5 N, a frequency of 2 Hz and track length of 2 mm were used. Figure 4 presents the SEM micrographs of several proportions obtained for hybrids coatings on galvanized steel, and indicate the influence of TEOS content (from T0 to T3) on the coating morphology. The T0 sample showed some cracks and heterogeneities, while in the T1 sample there were also some cracks in the layer, with some discontinuities. However the surface was homogeneous. For the T2 coating a homogeneous silane layer can be observed, with only a few cracks and a few discontinuities. Finally, the T3 sample did not present cracks, but a heterogeneous layer with an even coverage was formed.
Results and Discussion

Structural features
Considering that the pretreatment that was applied, as well as the curing process, which were the same for all of the samples, these results suggest that the sol composition influences the silane coating formation. The increase of the TEOS/TMSM ratio (T2 and T3) promoted a more even coverage, even though the morphological features revealed some heterogeneities (T3).
Layer thickness was also determined by the SEM analysis using the cross-section view ( Figure 5) . The results are shown in Table 1 . From the results it can be verified that the increase in the TEOS/TMSM ratio leads to an increase in the layer thickness, being T3 the thickest layer. This can be explained by the increase of the silicon content, which influences the coatings thickness, due to the increase in the percentage of the inorganic phase (siloxane) of the system (increase of TEOS). Besides, a higher densification of this film was observed 23 . This is due to the covalent bonds of the organic and inorganic precursors, which demonstrates the synergistic effect of TMSM and TEOS precursors in the hybrid film.
In all hybrid films (T0, T1, T2 and T3), the MMA monomer was mixed to TMSM in order to increase the compactness of the structure of this layer by polymerization of the acrylate groups and their cross-linking with the silicon network. However, the T0 sample showed a relatively higher thickness than the other samples. This could be associated to the higher content levels of MMA, due to the fact that the MMA increases the polymeric chains of the film. The MMA monomer contains only one possible polymerization site per molecule; therefore, during the curing process, each monomer can only have one covalent bond with the TMSM, which, in its turn, has three hydrolyzable groups. Zaioncz et al. 24 reported that the copolymerization of TMSM with MMA monomers gives rise to a cross-linked hybrid compound with the PMMA chains surrounding the siloxane particles. This results in a hybrid structure where the MMA radical, covalently bonded to the TMSM moieties through polymerization reactions,can only interact by weak Van der Waals forces 25 . This process could explain the lower thickness of the hybrid film which does not contain TEOS (T1). The T1 and T2 systems showed lower layer thickness values possibly due to the insufficient TEOS/TMSM levels, thus not enabling the inorganic phase (siloxane) to be formed with a higher volume. Besides, the MMA content was also reduced, hence decreasing the polymeric phase content in the coatings.
These results are in agreement with some researchers 26, 27 who report that at higher temperatures, or whit the addition of a higher number of layers, an improved system in corrosion resistance can be achieved. However, the morphological analysis reveals the existence of microcracks systems for the T0, T1 and T2 samples, due to the fragility of thicker layers, and hence a decrease in corrosion resistance can be seen. Additionally, it is generally accepted that the cracked microstructure of the largest number of layers hybrid films is due to the drying stage 28 , because of the introduction of compressive stress during the cross-linking of the silane layer in the curing step 29 . Figure 6 displays the AFM 3-D images of the studied systems from a 70 × 70 µm 2 area whereas the roughness values are summarized in Table 2 . Firstly, the roughness values presented by the hybrid coatings were lower than the ones obtained for the uncoated galvanized steel sample, and there was a complete coverage of the metal substrate in the proposed coating. Besides, some spots with higher heights can be observed, which are probably related to the formation of acrylate clusters (white spots). As it can also be observed, the coatings with higher roughness values were obtained with lower TEOS / TMSM ratios (T0 and T1). Thus, the analysis of Figure 5a , b shows the appearance of a dark region, due to differences in the chemical composition of the highlighted region 25 . This may be associated with the fact that the T0 and T1 sample containing contain a larger amount of MMA in the film, making it irregular. During the curing process, non-polymerized MMA can volatilize, creating tensioned regions and resulting in thinner films. This phenomenon can be observed in the lower layer thickness and in the creation of defective areas. Still, it is possible to observe that the hybrid films presented decreased roughness values in comparison to uncoated galvanized steel ( Figure 6 , Table 2 ).
The T3 sample was more irregular on the entire surface but with minor peaks. This can be associated with the composition formulation. The T3 sample, in this regard, has a greater amount of TEOS. This is due to the formation of a complete porous ceramic structure, which is heterogeneities 30 , after TEOS hydrolysis and cross-linking. Thus, the TEOS addition contributed to the irregular coverage observed.
From the results shown in Table 3 , a decrease in the contact angle can be observed for all studied systems related to the galvanized steel samples without a hybrid coating (GS), except for the T0 sample. This behavior indicates 
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of Siloxane-PMMA Hybrid Coatings on Galvanized Steel Substrates that the coatings which was obtained does not reduce the surface wettability. This can be associated to the hydrophilic behavior of the TEOS precursor. Furthermore, the T0 system, without the addition of TEOS, showed the highest contact angle value among the studied systems, and consequently, the lowest wettability. Besides, this film showed the highest wet ability (lowest contact angle values), among the studied samples. This behavior can be associated to a hydrophilic character introduced by the lower amount (concentration) of TEOS addition, providing non-hydrolyzed Si-OH groups and also discontinuities present in this film as noted in the AFM analysis ( Figure 6 and Table 2 ). Thus, the non-hydrolyzed ester and hydrophilic OH groups are present. These ester and OH groups favor the water uptake, while the siloxane groups can be hydrolyzed when the films are exposed to the electrolyte, further increasing the number of hydrophilic OH groups in the film 12 . However, when there is a perfect synergistic effect in the formulation, there is a greater formation of covalent bonds, and consequently, a greater cross-linking and a greater hydrophobicity of the system, as depicted in the T3 sample. Besides during the curing process, hydrophobic siloxane bonds are formed in the film network, which hinder water penetration 31 . Figure 7 and Table 4 shows the FT-IR spectra obtained for all of the reviewed coatings. Between 3360 cm -1 and 3620 cm -1 the broad band absorption is characteristic of the axial deformation of the OH (Si-OH), which was not crosslinked in the curing process 24 . In this case, the band is more intense for the T2 sample, which suggests a greater amount of hydrophilic groups. This indicates that during the curing process, hydrophobic siloxane bonds are formed in the coating network, which hinders the penetration of water 32 . However, neither the precursor hydrolysis nor the cross-linking (polycondensation) is complete during the curing. Thus, non-hydrolyzed ester and hydrophilic OH groups are present in the coating structures. These groups, ester and OH, favor water uptake, while the former group, siloxane, can be hydrolyzed when the coatings are exposed to the electrolyte further increasing the number of hydrophilic OH groups in the coating structure. This result is in agreement with the analysis of the contact angle ( Table 3) .
Around 1153 cm -1 there is a strong band corresponding to the stretching of the Si-O-Si (Table 4 ) which has been cross-linked during the curing process. The formation of the Si-O-Si layer exerts a protective effect on the substrate of galvanized steel. The band is slightly more intense for the T3 sample, which suggests a better condition of hydrolysis and subsequent crosslinking. This indicates that the sample showed a more complete hydrolysis of the silane precursors, as it can be seen in the contact angle results, where, indeed, this sample showed lower wettability values ( Table 3 ). , according to Figure 7 ), however this sample presented a peak which was similar to the T2 sample, which refers to the number of Si-O-Si groups (protective effect). This could be explained by the fact that the T0 and T1 (in the absence of TEOS and/or with a small amount of TEOS) the MMA radical is covalently bonded to the TMSM moieties through polymerization reactions and can only interact by weak Van der Waals forces. Taking into account these structural considerations, the coating thickness is expected to be lower due to the weak bonds ( Figure 6 and Table 1 ). The silane coatings present a hydrophobic character when sufficiently cross-linked. Thus, the contact angle of a well cross-linked coating is on the order of approximately 90°. However, this value becomes smaller after the immersion in an aqueous solution, indicating that the Si-O-Si bond is not stable 21 . Then, due to the fact that these links are not stable, the Si-O-Si reactions can suffer hydrolysis, forming the Si-OH hydrophilic groups again, allowing for water and ions to penetrate and react with the interface 20 . Consequently, the silane coatings temporarily protect metals even more than the hydrophobic coatings, since the barrier and adhesion properties can vary with the time of air or aqueous exposure, due to the susceptibility of the Si-O-Si to suffer from hydrolysis reactions.
Around the 2900 cm -1 band a peak was identified and associated to the C-H (CH 2 and CH 3 ) symmetrical and asymmetrical stretching. The bands around 1728 and 1622 cm -1 are associated to the stretching vibrations of the C = O and C = C groups respectively.
The silylation process can be described as a three-step reaction model. In the first step, the Si-OR groups turn into Si-OH through hydrolysis reaction (Scheme 1); subsequently, the Si-OH groups turn into oligomeric siloxane containing some unreacted Si OH by condensation reaction (Scheme 2); Lastly, the Si-OH groups in the siloxane form hydrogen bonds with thehydroxyl groups on the galvanized steel foil surface, then Si OH groups form covalent bonds with galvanized steel foil through condensation during a heating process 33 .
Corrosion analysis
Open circuit potential (OCP) measurements were performed with the intent to monitor the dependence potential immersion time, in 0.05 mol.L -1 NaCl solution, as illustrated in Figure 8 .
With the analysis of the OCP values for the hybrid coatings which were studied (Figure 8) , it was possible to observed that the silane coated samples showed potential values that shifted toward less active potentials in relation to the galvanized steel without a silane coating. This means that the hybrid coatings promoted the formation of a barrier between the substrate and the electrolyte. However, it was not possible to observe a significant difference in the OCP values for the studied systems.
The OCP values for the samples covered with the hybrid films (T0, T1, T2 and T3), show that the potentials were less active than for the uncoated galvanized steel (HDG). This means that the hybrid films promoted the formation of a barrier between the substrate and the solution. Previous results reported in the literature show that hybrid films confer a higher anti-corrosion resistance than silane films 34, 35 . Furthermore, the hybrid films that were studied constitute a class II hybrid, where organic and inorganic precursors are linked by covalent bonds 36 . In Figure 9 the Bode diagrams for all of the hybrid siloxane-PMMA coatings studied and for the galvanized steel without treatment are shown, within 24 hours (Figure 9a ) and 72 hours (Figure 9b) , and an immersion in 0.05 mol.L -1 NaCl. In the first 24 hours of immersion, the T2 and T3 samples showed a phenomenon associated with the high frequency barrier effect of the hybrid coating, indicating a better corrosion performance. Such behavior may be associated with the morphology of the coatings, considering that both systems showed the formation of crack-free coatings. This good performance is confirmed by the high values shown by the impedance module (Figure 9b ), since both hybrid coatings presented higher values, in comparison to the other samples. 
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Si-OH axial deformation Scheme 1. Si-OR groups turn into Si-OH through hydrolysis reaction.
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After 72 hours of immersion in NaCl 0.05 M (Figure 9b ), the high frequency phenomenon remains clear only for the T3 sample, though not as well defined as on the lower immersion times. In contrast, for the T1 and T2 samples such phenomenon is evident in middle frequencies, and for the T0 and GS samples it is shifted towards lower frequencies. This shift is probably associated with the formation of corrosion products originating from the zinc coating, thus demonstrating the barely protective character of the T0 system, since at the end of 72 hours of immersion it has a similar behavior to the uncoated galvanized steel, indicating that electrochemically active species reach the electrode surface more easily. Accordingly, the charge transfer resistance also decreased, pointing to faster interfacial electrochemical processes 37 . The impendance module of the T3 sample remained higher, showing that this coating has the best performance in relation to corrosion, comparing with the other coatings and to the galvanized steel.
The EIS was used in the present work to characterize the corrosion behavior of the developed coatings. A more detailed interpretation of the EIS measurements was performed by fitting the experimental plots using equivalent electrical circuit models, which were proposed to simulate the electrochemical behavior of the studied coatings (Tables 5-8 ). These models were based on the combination of resistances, capacitances, and other elements that should have a physical meaning, related to the electrochemical response of the system. These results are related to the interaction of the electrolyte with the coating, such as its permeation through the coating, which is not an instantaneous process. Other authors 22, 31 have found the same results and only present EIS data after some hours of immersion.
In several circuits the capacitance was substituted by a CPE in order to take into account the non-ideality of the systems. A value of n = 1 corresponds to a smooth surface; therefore, in this case, the CPE should be substituted by an ideal capacitor C. In these circuits (Tables 5-8) , R S represents the electrolyte resistance, R HF and CPE HF represent, respectively, the resistance and a constant phase element associated to the barrier effect of the hybrid film. In the same circuit, R Ox and CPE Ox represent the resistance and a constant phase element, indicating an acceleration of the interfacial process associated with the zinc oxide on the substrate surface. R CT and CPE CT were added and represent, respectively, the charge transfer resistance to the metal. As reported by several authors [38] [39] [40] [41] [42] [43] [44] , the charge transfer resistance is related to the process of electron transfer from one phase (electrode) to another (liquid).
The same equivalent circuit model (Tables 5-8 ) was proposed for the electrochemical behavior simulation for the T0 sample (up to 48 and 72 hours) and for the T1 sample (up to 96 hours). The T2 sample (up to 24 and 72 hours), and T3 sample (up to 24 and 96 hours) showed three time constants. The first two, also observed by other authors 45, 46 are: one at a high frequency range, associated with the barrier resistance of the hybrid coating, and another which represents medium frequency range elements which were attributed to an oxide present on the metal/coating interface. Finally, a time constant was also observed at a low frequency range, associated to the charge transfer of the metal 47 . As for the T3 film, CPE HF //R HF and CPE MF //R MF are the cascade sub-circuits making up the response. The high frequency range is associated with the diffusion resistance of the hybrid siloxane-PMMA film, as the micropores represent the conductive pathways that can be widened with the exposure to the electrolyte, promoting easier access of aggressive species to the substrate surface and explaining the diffusion resistance 48 . Scheme 2. Si-OH groups turn into oligomeric siloxane containing some unreacted Si OH by condensation reaction.
However, for the T0 and T3 samples (at 1 hour of immersion), for the T1 sample (up to 48 and 72 hours) and for T2 sample (up to 1 hour and 96 hours) with the same equivalent circuit model (Tables 5-8) , two time constants were identified. One at a high frequency range, associated with the barrier resistance of the hybrid coating, and the other which represents medium frequency range elements which were attributed to an oxide present on the metal/coating interface. This behavior was observed by other authors 47 .
The T0 sample presented the worst performance among the studied films. This could be explained by the T0 film structure where the radical of the MMA covalently bonded to the TMSM moieties through polymerization reactions can only interact by weak Van der Waals forces. Taking into account these structural considerations, a lower thickness of the film is expected due to the weak bonds and, consequently, not resistant to longs periods of immersion in a NaCl 0.05 mol.L -1 solution. In this film, it was also observed a time constant in the medium to low frequency range, indicating an acceleration of the interfacial process associated with the zinc oxides on the substrate surface. Figure 10 show the evolution of the coating properties (that is, the resistance and capacitance, respectively) as a function of the immersion time. Generally, the high frequency resistance values (Figure 9 ) decreased during the first hours of immersion, due to the development of conductive pathways inside the coating 49 . The T1 and T2 samples exhibited the highest resistance the first hours of immersion (Figure 9) , while the T3 sample showed higher resistance values at 24 and 48 hours of immersion. This is due to the larger layer thicknesses obtained for the T3 system ( Figure 4 and Table 1 ) compared to the other samples. Moreover, this demonstrates the excellent synergistic effect of the TEOS/ TMSM covalent bonds.
The evolution of the coating resistance is a major characteristic of the barrier properties of a protective layer 50 . Both systems showed a sharp reduction of the resistance values from 1 hour to 48 hours of immersion, the T2 and T1 samples, more sharply. Subsequently, the resistance of the coating for the T3 sample decreases slowly over an immersion time of 72 hours, which reflects the stability of the coating and its good barrier properties 51 . In contrast, the coating without TEOS (T0) loses its barrier properties after all times of immersion. This rapid decrease is related to the formation of new defects and pores in the coatings 51 . This could be explained by the T0 sample film structure, where the MMA radical, covalently bonded to the TMSM moieties through polymerization reactions, can only interact by weak Van der Waals forces. Taking into account these structural considerations, a lower film thickness is expected, due to the weak bonding ( Figure 2 and Table 1 ). Consequently, there is less resistance in long periods of immersion in 0.05 mol.L -1 NaCl. However, it is observed that the variation between the T1, T2 and T3 samples is negligible due to the fact all these systems present TEOS in their composition. When there is a perfect synergistic effect in the formulation, there is a greater formation of covalent bonds, and consequently, a greater cross-linking and a greater hydrophobicity (contact angle), as well as higher resistance values due to a better barrier effect. Besides, a higher densification of this film was observed 23 due to the covalent bonds of the organic and inorganic precursors. This demonstrates the synergistic effect of the TMSM and TEOS precursors presence in the films. Figure 11 shows a physical model for the studied samples. In this model, two time constants are presented, one at a high frequency range, possibly associated to the diffusion resistance of the hybrid film, and the other at a medium frequency range, related to corrosion products (zinc oxides) on the substrate surface.
For the uncoated galvanized steel ( Table 9) , two time constants were observed over the entire immersion time (1, 24, 48, 72 and 96 hours). The phenomenon at low frequency may be related to the charge transfer resistance of the metal. The response of the charge transfer becomes shifted to lower frequencies as the active area expands, increasing the capacitance.
These results indicate the degradation of the zinc oxides and the probable metal corrosion. Not only that, but new process governed by diffusion apparently begins as indicated by the low value of n. This explanation was corroborated by the fact that the initially high resistance declines drastically and that red corrosion products were observed on the electrode surface once the experiment was finished, indicating the formation of iron oxides 5 . Meanwhile, another process with very low resistance appears at the medium frequency range, associated with the zinc oxide on the substrate surface, which may result from the cathodic reaction or from the precipitation of the zinc hydroxide as shown the Equation 1
According to the Pourbaix diagram for zinc, the zinc hydroxide is stable at pH values above 8, a value that is easily reached over steel. Furthermore, carbonates can also be formed, eventually leading to hydrozincite, as shown the Equation 2 53 .
Zn(OH) 2 + 4Zn
The majority of the publications applying impedance to corrode systems use continuous metals and not galvanic couples. In such systems, the interpretation of the impedance spectra may be facilitated by the results for the separate metals. In this study, it is interesting to note that the GS showed lower values of resistance and higher values of capacitance Figure 12 . Images obtained after the electrochemical impedance tests.
( Table 9 ) compared to the hybrid coatings (Tables 5-8) , and lower impedance modulus and phase angle ( Figure 9 ) in relation to the hybrid coatings at 96 hours of immersion. As per Figure 12 , the only coating that did not show cracks after the electrochemical impedance test was the T3 system, indicating that this coating has a good performance.
Mechanical characterization
The tribology test is a very important technique for determining the wear resistance of the film [54] [55] [56] [57] . In this test, the proportionality between the frictional force and load applied results in a friction coefficient, considering that the force is also proportional to the actual contact area.
Hanetho et al. 57 evaluated the wear resistance silane-based coatings applied to steel. In this study, the authors reported that the abrasion resistance (wear) of the films improved with the decrease of the water pH used during the silane hydrolysis. Figure 13 shows the coefficient of friction (COF) with sliding time for the samples. The system without the addition of the TEOS presented a worse performance in the wear test than the T0 sample, which presents a higher concentration of PMMA. Taking into account these structural considerations, a lower coating thickness is expected; and due to the weak bonds the film does not resist to longer periods of time in the wear test.
The higher the TEOS addition of the hybrid coating, for T3 sample, for example, the better is the hydrolysis condition, and, subsequently, the crosslinking of this sample, and the higher its wear resistance will be, as observed in Figure 11 . However, although the T1 and T2 samples have shown the best performance in the wear test, the endurance time was low due to the system not having obtained the synergistic effect of the TMSM and TEOS precursors present in the hybrid coating.
The variation in the friction coefficient shown in Figure 14 determines the change of the tribological pair, that is, the rupture of the coating in the iron (Fe) and in the galvanized steel (GS). As seen in the Figure 13 , the coefficients of friction of the samples with hybrid coatings reached a stable level close to the one of Fe (μ = 0.7) after the breaking of the coatings. This indicates that the coatings had a high adherence on Zn such that upon breaking the hybrid coating also breaks the Zn coating.
Conclusions
The hybrid siloxane-PMMA coatings which were studied showed a regular coverage over zinc coating. However, in some systems, cracks and discontinuities were observed, which compromised the barrier effect. Moreover, a shift in the open circuit potential toward less active potentials after silane coating deposition was also observed.
The T0 system showed the second highest thickness layer value, but it showed cracks and discontinuities. The T2 and T1 samples showed the lowest thickness values in relation to the others, however, the T2 sample showed a better electrochemical performance than the T1 sample since it did not present cracks and discontinuities. The T3 system has proven to be the best, due to its highest thickness layer value and to the absence of cracks or discontinuities. The electrochemical tests showed that the T3 system presented the best performance when compared to other tested systems.
Based on the results, one can conclude that the T3 system presented the best performance. This result is due to the formation of a compact net after hydrolysis and cross-linking of TEOS. Thus, the addition of a higher ratio of TEOS:TMSM contributed to the film formation. This ratio was sufficient to produce the synergistic effect of the presence of TMSM and TEOS precursors in the hybrid film.
Therefore, these hybrid films present a promissing alternative as a substitute for the chemical conversion coatings based in Cr(IV) ions. 
